A universal filter with dual-output current follower (DO-CF), two transconductance amplifiers (OTAs) and two passive elements is presented in this paper. The filter is tunable, of the single-input multiple-output (SIMO) type, and operates in the current mode. Our solution utilizes a low-impedance input node and high-impedance outputs. All types of the active elements used can be realized using our UCC-N1B 0520 integrated circuit and therefore the paper contains not only simulation results that were obtained with the help of behavioral model of the UCC-N1B 0520 element, but also the characteristics that were gained by measurement with the mentioned circuit. The presented simulation and measurement results prove the quality of designed filter. Similar multi-loop structures are very-well known, but there are some drawbacks that are not discussed in similar papers. This paper also contains detailed study of parasitic influences on the filter performance.
INTRODUCTION
The development of analog frequency filters in the current mode [1] with various types of active elements still attracts many researchers' attention. Many different types of active elements are used in filtering circuitries, starting from the simple current followers (CF) [2, 3] , through dual-or multiple-output current followers (DO-CF, MO-CF) [4, 5] , OTA amplifiers, mostly in the form of the OTA-C filter [6, 7] , current conveyors (CC) of different generations [8, 9] up to more complex active elements such as the Current Differencing Transconductance Amplifier (CDTA) [10] [11] [12] , which consists of a differential current follower and a transconductance amplifier, and also the Current Follower Transconductance Amplifier (CFTA) [13, 14] , which contains a simple current follower and also a transconductance amplifier.
Two basic techniques can be recognized in cited papers. The first method is based on the design of more complex filtering structures with simple active elements, for example in [2, 15, 16, 21] . The second approach is contrary which means that the final filtering structures are simpler, but the active elements are more complex, typically in [11, 20, 22] . It should be noted that the schematic of filtering structures in second case seems simpler than in the first case only because a smaller number of active elements are present in the circuitry. The application of more complex active elements in filtering structures limits the variability of solutions when designing specific structures and it could significantly complicate the design and raise the final price. The combination of current followers and transconductance amplifiers is really advantageous for the design of filtering structures in the current mode, as shown in [10] [11] [12] [13] [14] ; this paper is therefore also focused on the utilization of the above elements. Some recent works are compared in Tab. 1. Table 1 could be summarized into the several conclusions. Some recently proposed conceptions contain too many passive elements [2, 15, 16, 21, 22, 26] , or maybe unreasonably many active elements [20, 26] but in several cases, it is necessary for the independent ω C and Q control. However there are simpler solutions, for example [19, 27] with ω C and Q control included. Electronic adjusting and tuning is one of the today's most important features for common applications in the signal processing. Unfortunately some of mentioned solutions do not have this feature (for example [15, 16] ) or it was not verified even if it is theoretically possible (for example [18, 21, 28] ).
Our approach is to deal with partial elements, DO-CF and BOTA in particular. It gives us the possibility of greater variability and we can reach a universal solution more easily. The benefits of the solution presented are: simplicity (only two passive elements -grounded capacitors), universality, tunability and relative sensitivities to all parameters of the filter are low. The circuitry designed is of the Single Input Multiple Output (SIMO) type. Both passive elements are grounded. All the features mentioned form good prerequisites for the application of this structure. Some features of active elements that could cause drawbacks or specific problems in frequency responses are discussed. lower (DO-CF). Its schematic is shown in Fig. 1 . DO-CF can be formed discretely in several ways. The simplest method is to use the Universal Current Conveyor (UCC) [15] , which can be simply connected as a dual-or multiple-output current follower. Two DO-CF elements can be implemented by one UCC-N1B 0520 integrated circuit because on chip contains CCII+/-together with UCC. The behavior of the DO-CF is described by the simple formulas
The second type of active element is the Balanced Operational Transconductance Amplifier (BOTA). The BOTA schematic is shown in Fig. 2a . Relations that describe the BOTA behavior are
MAX435 [16] is one of the circuits that are commercially available on the market and able to work as OTA. We can also compile the BOTA element from two single-output OTAs, for example the OPA861 circuits [17] . This circuit, however, does not provide the required parameters and in order to form a Multiple-Output OTA (MOTA), four OPA861 would be necessary. It is therefore better to make a BOTA or MOTA via the structure shown in Fig. 2b . It is obvious that one UCC and one resistor are sufficient enough to produce a BOTA or MOTA. The transconductance of such a connection of the UCC circuit is equal to g m ≈ 1/R .
DESIGNED FILTER
The universal second-order filtering structure with a minimum number of passive components and included possibility to tune the characteristic frequency was the goal of the design. Possible circuits were analyzed by the SFG method and obtained solution is depicted in Fig. 3 . The filter consists of one DO-CF element and two OTA elements (MOTA and BOTA). Two grounded capacitors are connected in nodes between active elements. The transfer functions of the designed circuit are given by 
where
Equations (3)- (8) are valid without any condition or assumption of equality. The pass band gain is unity (0 dB) for each transfer function type. It is obvious that the designed circuit is universal because five standard types of transfer function are present. The pole frequency is controlled by a simultaneous change of g m1 and g m2 .
SENSITIVITY ANALYSIS
If we consider all transfer coefficients that are present in the circuit, characteristic eq. (8) of the circuit from 
where β 1 represents the transfer of the DO-CF element, which affects both loops of the circuit. The angular frequency and the quality factor are for all transfer functions expressed by
The relative sensitivities of the angular frequency and of the quality factor to individual components are equal to
From (12)- (14) it is obvious that all relative sensitivities are low.
INFLUENCES OF ACTIVE ELEMENTS PARASITICS
Non-ideal active elements are depicted in Fig. 4a and Fig. 4b . Parasitic analysis deals mainly with input and output properties of used active element that cause significant problems in the frequency domain. Note that in We suppose four locations (three nodes and one serial admittance leading to the current input of DO-CF) where parasitics cause the highest impact. These parasitic admittances (Fig. 4c) can be expressed as 
Denominator of the transfer function changed to
where coefficients are as follows
Transfer functions including parasitic properties are now
and coefficients of numerator in (26) are
Form of the transfer function is the same for the bandreject response (BR), but coefficients are different, as shown. 
We can express transfer function similarly for the all-pass (AP) filter
Influence of parasitic elements on the frequency responses was deeply studied. Real part of the parasitic admittances obviously impacts mainly the magnitude response. We can divide the impact study of real parts into the two sections. First part is focused on the high impedance nodes and parasitic elements that are grounded (R p1 , R p2 , R p3 ) and second part deals with serial resistance to the current input of DO-CF ( R s ).
HP responses for chosen values of R p parts are shown in Fig. 5a (all R p are of the same value in this case). It is evident that smaller values cause increase of parasitic zero frequencies and it decreases the attenuation of the HP response in the stop band. Attenuation is smaller than 40 dB for R p about units of kΩ . In order to study impact of R p1 and R p2 , graphs in Figs. 5b and 5c were depicted. It is clear that also the change of steepness occurs (other two parameters are set constantly). It is obvious that the impact of R p1 is greater than impact of R p2 . Influence of R p3 is negligible because this node is connected to the low input impedance of input terminal of current follower. Therefore impact is R p3 omitted. However, R s (input serial resistance of CF) also causes problems, which are discussed in further text.
Impact of R p on the BP response is shown in Fig. 6a and it is clear that it causes much greater problem than in the previous case (HP). Filter is unusable when values of R P are several units of kΩ . Independent change of R p1 (Fig. 6b) causes slight influence to the pass-band gain. Impact of R p2 to the stop-band attenuation of the BP response (lower frequencies) is obvious from Fig. 6c . Figure 7 shows influence of R p on the BR response. We can see (Fig. 7) that R p2 smaller than 10 kΩ causes biggest problems again. R p1 causes the adjusting of the maximal attenuation in stop band.
Impact on the AP response is demonstrated in Fig. 8 . R p (mainly R p2 ) causes drop of the transfer in the pass band (Fig. 8c) and also some changes in phase response, as shown. Figure 8b shows that R p1 caused changes of the Threshold between AP and BR phase response is close to R p1 = 500 Ω . In some cases it could be an advantage.
Parasitic resistance of current input of the DO-CF (R s ) has also significant impact on the final features of the filter. Parasitic element R s is put to the feedback node together with R p3 . First case (Fig. 9a) suppose that R p3 = 3 kΩ , second case (Fig. 9b) that R p3 → ∞. Both figures shows the impact on the LP and HP response. Reducing of the bandwidth (at high frequencies) is observed in case of HP. Disturbing of the Q and pass-band gain K 0 is obvious for greater values of R s . If R p3 was set to infinity (Fig. 9b) (practically is sufficient more than 100 kΩ ), influence on LP is minimal.
Parasitic element R s affects the BP response as shows Fig. 10 . R s causes mainly shift of the f 0 and slight changes of Q for R p3 = 3 kΩ (Fig. 10a) , there is slight disturbance of maximal transfer and angular frequency (f 0 ) for R p3 → ∞ (Fig. 10b) .
Also BR response is affected by R s . When R p3 → ∞ (Fig. 11b) reducing of the bandwidth is larger than when R p3 = 3 kΩ (Fig. 11a ) but gain in pass-band is not affected so much as is obvious from Fig. 11b . Fig. 12 . Magnitude response is influenced the most in this case. It affects bandwidth, Q and pass-band gain at higher frequencies. Phase response is without important changes but at higher frequencies is phase shift greater than in ideal case (non-minimal phase).
Impact of R s on the AP response is demonstrated in
All analyses were carried out for parasitic capacitances of units of pF (taken from features of used active elements). Parasitic capacitances causes mainly shift of f 0 . For several pF (30 pF maximum) shift of f 0 from 1 MHz to 960 kHz appeared (caused by C p2 ) and shift of 60 kHz is caused by C p1 ; C p3 is without affect on f 0 because is in node with small impedance ( R s = 2 Ω). Influence of all C p simultaneously is reaches 90 kHz shift of f 0 (in all cases we expected ideal load R L = 0 Ω). For real scenarios we have take into account that small signal parameters are also frequency-dependent but producer usually does not show these dependences.
SIMULATION AND MEASUREMENT RESULTS
The proposed numerical parameters of the filter were as follows. Q = 0.707 (Butterworth approximation), transconductances are g m1 = g m2 = 1.96 mS and f 0 = 1 MHz is the starting point. The calculated values of capacitors are
2 ) ≈ 220 pF. Third-order behavioral models of the UCC-N1B were used for simulation purposes [19] . These models are quite accurate in AC simulations and with their help we can faithfully verify features of the filter.
The simulation results were subsequently confirmed by experimental measurement. The UCC-N1B circuit we designed in 2000 (and made by AMI Semiconductor in 2005) is able to operate as all types of active elements that are present in the filtering structure from Fig. 3 . It was therefore used as the active element for measurement purposes.
The first graph (Fig. 13a) contains magnitude responses of the HP, BS, LP and iBP filter types for the starting natural frequency and quality factor. The gain, phase shift and also group delay of the AP filter for the same natural frequency are shown in Fig. 13b . The graphs in Fig. 13c and Fig. 13d represent the tuning of pole frequency in the case of the LP and iBP functions, which was obtained by a simultaneous change of g m1 and g m2 . Four pole frequencies ( f 1 = 255 kHz; f 2 = 510 kHz; f 3 = 1 MHz; f 4 = 2.3 MHz) are obtained by the transconductances 500 µS; 1 mS; 1.96 mS; 4.5 mS.
We can form some interesting conclusions from previous text. From experimental results it is clear that UCC provides better performance than elements used in chapter focused on parasitic influence analysis. Some problems like attenuation at higher frequencies (over 10 MHz) in the case of the LP and iBP filter are caused by measuring circuits and finite bandwidth of used active elements. If we had to use MAX 435 as a BOTA, its connection to low input impedance of DO-CF eliminates the impact of the low output resistance (3 kΩ ), Y s ≫ Y p3 (R s ≪ R p3 ). From analysis results it is clear that influence of R s (input resistance of CF) is very critical for this and a similar conception of multi-loop and multi-functional filters.
CONCLUSION
The universal filter with three simple active elements and two passive components was presented in this paper. It was demonstrated that the pole frequency could be tuned by a simultaneous change of the transconductance of both OTAs. The filter is of the SIMO type with a low-impedance input node and high-impedance outputs. There is no resistor in the structure, therefore it can be considered as the OTA-C type combined with dual-output current follower. Good characteristics of the designed filter were verified by the simulation with goodquality models. Its structure is sufficiently simple as some similar previously published solutions although there are some problems that are not discussed in recently published works. Detailed analysis of parasitic influences was performed. The theoretical and simulation results were confirmed by experimental measurement with the UCC-N1B 0520 circuit.
